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Development of Lithium Secondary Batteries for Electric Vehicie in the New 
Sunshine Project 


94FE0468A Tokyo SOCIETY OF AUTOMOTIVE ENGINEERS OF JAPAN, INC. in Japanese 
Feb 94 pp 9-16 


[Article by Y. Tsunoda, Agency of Industrial Science and Technology] 
[Text] 1. Introduction 


In April of this year, the Agency of Industrial Science and Technology (AIST) 
launched a program called the New Sunshine Project to develop energy- 
environment related technologies. The New Sunshine Project combines former 
independent energy programs such as the Sunshine Project, which was started to 
develop new energy technologies, the Moonshine Project, which was set up to 
develop energy conservation technologies, and the Global Environment 
Technology Development Program, and links these together in a _ mutual 
framework. 


One of the major goals of the New Sunshine Project is to solve energy and 
environmental problems while trying to maintain sustained economic growth 
through technological development, which simply means not only developing new 
energy and energy-saving technologies, but also putting those into practical 
use. In other words, the primary aim of the New Sunshine Project concerns both 
the development and commercialization of these technologies. 


Also, since Japan cannot be expected to solve the global environmental problem 
by itself, the second aim of the project will be to sponsor international 
joint research in order to focus global knowhow and resources on energy- 
environment related issues, and to promote joint research on applicable 
technologies in order to provide technical assistance or transfer energy-— 
environment technologies already developed to developing countries. 


The third aim of the project is to systematically promote the development of 
conventional energy-environment technologies. It is not effective to simply 
replace existing technologies with other technologies. It is important that 
these individual element technologies be brought together in such a way as to 
raise overall effectiveness of the whole system. 
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The New Sunshine Project includes projects from the former Sunshine and 
Moonshine Projects, and other projects started this year. More specifically, 
it includes research on lithium secondary batteries, eco-energy systems for 
cities (new), ceramic gas turbines, superconducting electric power applica- 
tions, energy-conservation technologies such as fuel cells, new energy 
technologies including solar-cel] power generation, geothermal power 
generation, and carbon liquefaction, a lean combustion NOx removal catalyst 
(new), and an H, utilization system (WE-NET: new). 


In this paper, we discuss the latest R&D being done in the New Sunshine 
Project concerning on lithium secondary batteries. 


2. Necessity of R&D 


Electric power demand in Japan is expected to grow significantly in the 
future. One of the major trends we find is a growing imbalance between daytime 
and nighttime demand for electric power in the summer. Table 1 shows the load- 
leveling concept used to restore balance in electric power demand. It shows 
how the load-leveling method can be used to reduce the capacity of electric 
power plants. 


The load-leveling measures used at present to control electric power demand 
include demand side management (DSM), which has to with managing electric 
power rates, and pumped-storage power stations, but these are likely to change 
in the future, however, with new-type batteries that will be used as electric 
power storage systems. 


In the Moonlight Project, a total of 12 years of R&D has gone into a supply- 
side electric power storage system employing lithium batteries. This is 
basically be a system that would be installed at substations owned by electric 
power companies. Most of the goals of that research project have been 
achieved, and the findings are being used by the nine electric power companies 
involved in the joint research to make the batteries more reliable, smaller, 
and less expensive. 


Load—leveling on the supply side alone is not enough, therefore, techno.ivgies 
must also be developed to make load-leveling possible on the demand side as 
well. If we refer to supply side load-leveling as centralized electric power 
storage, then we can refer to demand side load-leveling as decentralized 
electric power storage. The main demand side load-leveling equipment are 
domestic load-leveling devices and electric automobiles. 


The secondary batteries being used at present are lead storage batteries, but 
the low energy density of these batteries prevents them from being used as 
domestic load-leveling devices, or as the energy source of an electric 
vehicle. 


For that reason, the Agency of Industrial Science and Technology decided to 
develop a high-efficiency futuristic secondary battery that can be used for 
said purposes. The reason why the lithium battery was selected as the prime 
candidate for this battery was the superior theoretical energy density and 
energy conversion it exhibited. 
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Table 1 gives an overview of the R&D project being undertaken by the Agency of 
Industrial Science and Technology to develop a lithium secondary battery. The 
project is scheduled to take anywhere from 10 to 13 years to complete and cost 
a total of ¥14 billion. 


Table 1. R&D Project 
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In the following section, we would like to discuss the secondary lithium 
battery in more detail and provide an overview of the project. 


3. Lithium Secondary Battery--Main Features and Developmental Problems 
(1) Main Features of Lithium Secondary Battery 


The lithium secondary battery has been called the ultimate battery in terms of 
having the highest theoretical energy density and energy conversion of any 
battery on the market today. Lithium, with an atomic number 3, is the lightest 
element among very highly chemically reactive alkali metals. Accordingly, 
since lithium has the smallest electrochemical equivalent (g/Ah) among metals, 
which is the mass required to obtain a unit of electricity, it has extremely 
high energy density (Wh/kg) and produces more than twice the voltage of any 
other battery. 


A lithium battery has other advantages in terms of commercial applications. It 
can be operated at room temperature with a static-type electrolyte, thus eli- 
minating the need for special accessories to circulate electrolyte. In Figure 
1, we show a theoretical and structural drawing of a lithium battery. 
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(2) Uses and Targeted Per- Basic configuration Single rectangular cell 
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high energy density type in ithium ion 
which the emphasis is 
placed on achieving higher 
energy density. In Table 2, 
we show the performance 
goals for the two types of batteries developed in this project. The perfor- 
mance goal of the long-life type battery, as the name implies, is to extend 
the charge-discharge cycle to 3,500 cycles. This is a formidable goal to 
achieve given the fact that ordinary lead storage batteries have a charge— 
discharge cycle life in the range of 1,000~1,500 cycles. 





Figure 1. Theoretical and Structural Drawings of 
Lithium Battery 


Table 2. R&D Goals 


























Type Long-life type High energy density 

type 

Weight energy density 120 180 

(Wh/kg) 

Volume energy density (Wh/2) 240 360 

Life (cycles) 3,500 500 

Energy conversion (%) 90 or more 85 or more 

Other factors Environmentally-friendly, safe, 

maintenance-free 
= << 











A high energy type battery sacrifices longer life for higher energy density. 
In Figure 2, we compare the performance of the lithium secondary batteries 
being developed in this project with the performance of other types of 
secondary batteries. As can be seen from that comparison, the performance of 
the lithium secondary battery being developed in this project far surpasses 
that of other secondary batteries. 


The long-life battery, which will last more than 10 years even after repeated 
charging/discharging on a daily basis, is quite suitable for use as a domestic 
load-leveling battery. The long-life battery is also expected to see use as an 
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Figure 2. Performance of Lithium Battery Compared to 
Other Secondary Batteries 


energy source for charging electric car batteries in the future. Since 
batteries of this type must be able to withstand numerous charging/discharging 
cycles, the material used for the negative electrode is a structurally stable 
carbon-lithium alloy. 


By far the main use of a high energy density type battery is as an electric 
car battery. This battery is also expected to see use in space and at sea as 
an energy source used in special environments, and also as an energy source 
for construction and factories. 


Because of the high voltage, the positive electrode of both the long-life and 
high energy density type batteries is made of metallic oxides such as cobalt 
oxide, nickel oxide, and manganese oxide. 


R&D in this project is also focusing on electrolytes and negative electrodes, 
which we believe will contribute to further progress in developing the lithium 
secondary battery. 


Figure 3 shows areas where the lithium secondary battery might be used around 
the home. In view of its high performance, the use of this battery will not be 
limited to applications described above but will likely be used in many other 
areas as well. 


(3) Areas Where Breakthroughs Needed 


One of the goals of this project is to create a 20~30kWh battery (assembled 
battery) within 10 years. This means that at the single cell level a 100~150 
Ah cell will have to be created. Since the only lithium secondary batteries 
that have been sold to date have been 3-cell units (about 1 Ah), a lot more 
work will have to be done to increase capacity. Researchers at the Electric 
Power Research Institute have been working on a 25 Wh lithium secondary 
battery, but it will require more capacity if it is to be used for power 
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Figure 3. Domestic Applications of Lithium Secondary Batteries 


storage or as an electric vehicle battery. Thus, the first area where a 
technical breakthrough is needed is increasing battery capacity. 


The second area where a technical breakthrough is needed is increasing the 
energy density and extending the life of the battery. It goes without saying 
that we must not only improve performance of the cell but must also try to 
increase energy density and extend the life of the assembled battery itself in 
which the individual e~'!ls are connected. Viewed in terms of the entire 
battery, it is extreme., important that there be no variation in the 
performance of the individual cells, which means that it is essential that a 
technology be developed to make the cells homogeneous. 


Also, the research cannot be confined to what has been done in the past, which 
was to come up with innovative ways to reconfigure the positive and negative 
electrodes and electrolyte, but rather research should also examine the 
possibility of developing these elements with new materials. 


Additional R&D will be required to improve stability and reliability of both 
the cell and the assembled battery, and other research will have to be 
directed at developing effective uses for the battery, which will include 
recycling. In the not too distant future, research will have to take up the 
issue of cosc in the marketing of the battery. 
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4. R&D Systems and Evaluation 


The development of a technology has to be done in stages. It is essentially 
best to set a goal of 10 years or so to accomplish a project. However, 
projects of national interest must also be evaluated at intermediate stages. 
This reason for this is that many projects have been found not to have 
accomplished anything after 10 years. This particular project is required to 
undergo mid-term evaluations in 1995 and 1998 by an evaluation committee set 
up within the Industrial Technology Council that is made up of prominent 
members from various industries. After the project has cleared these 
evaluations, or rather, passed the strict second evaluation, it will be ready 
to tackle the final goal of developing an assembled battery in the 20-30 kWh 
range. This has cveated fierce competition between the various manufacturers 
participating in the project. 


— Research on high-capacity 
futuristic batteries 
{1} Research on long-life Mitsubishi Electric, Hitachi, 
lithium batteries — ...-.---.---- Sanyo Electric, Yuasa Corp. 





Japan Storage Battery, 


NEDO - LIBES -— 23 dencity Lithiet battore ——_——_— Matsushita Battery Industries, 
y NEC, Toshiba 

















Osaka Gas, Mitsubishi 


(3) Research on battery materiais---- , 
Petrocnemical 





-—Research on total system ------------------- CRIEPI 


Figure 4. R&D Organization 





As Figure 4 shows, there 
are a total of 11 corpo- 
rations or organizations 
taking part in this pro- 
ject, namely, eight com- 
panies working on _ the 
development of the bat- 
tery, two companies on 
the development of mate— 
rials, and the Central 
Research Institute of 
Electric Power Industry 
(CRIEPI), which is work- 
ing on the total system. 
These corporations have, 
for purposes of re- 
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came into formal existence on 13 January 1995 with approval by the Ministry of 
International Trade and Industry, and has over 100 active members. 


As we see in Figure 5, both the long-life and high energy density type 
batteries have a long way to go from their present status to accomplishing 
their goals. In order to achieve these goals, it is essential that the 
leadership of LIBES foster cooperation among the various battery and materials 
manufacturers. It is our belief that striking an appropriate balance between 
competition and harmonious relationship is the key to success of the project. 


5. FY92~FY93 R&D 


The end goals of the project are exceedingly high. It calls for 25 times 
greater cell capacity, 5,000 times greater integrated battery capacity, and 
three times longer cycle life than commercially available lithium secondary 
batteries. 


With research on the project having only started in February 1993, and R&D now 
just getting under way, the research at this stage as performed by participat— 
ing corporations has to do with fundamental issues such as elucidating 
reaction mechanisms between the positive electrode and the electrolyte. 

In the sections below, we discuss the R&D findings made so far. 


(1) Development of Long-Life-Type Lithium Secondary Battery 


1. Researc.: on Positive Electrode Material 
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The material used for the positive elec-— 
trode in a long-life-type battery must 
exhibit high potential combined with 
excellent high-capacity charge—disch-rge 
reversibility. The positive electrode 
research has focused so far on typical 
electrodes made of cobalt, manganese, and 
nickel oxides. Here, we induced reactions 
between the electrodes and an electro— 
lyte, and investigated the basic charac— 
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teristics of each electrode. The cobalt Discharge capacity (mAh/g) 

and nickel oxide electrodes indicated Figure 6. Discharge Characteristic 
discharge capacities between 130~150 mAh, of Positive Electrode 
whereas the manganese oxide electrode Active Material 


indicated a two-stage curved line dis- 
charge capacity (Figure 6). 


2. Research on Negative Electrode Material 


The negative electrode research has focused so far on graphite-—based carbon 
electrode material. Here, we studied differences in discharge capacity and 
reactivity between the electrodes and electrolyte based on differences in 
physical properties, and investigated the basic properties of each as an 
electrode. 
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the electrolyte. When a LiPF, electrolyte Discharge capacity (mMh/g) 
was used, we noticed a granular type 
deposition had formed, and when a LicF,so, Figure 7. Discharge Characteristic 


electrolyte was used, a dendrite-shaped of Various Carbon Negative 
deposition had formed. Electrodes (catalyst: EC/DME) 


The data obtained in the tests suggests that a nonreactive filmy substance had 
formed on the deposited lithium surface, and that during discharge, the 
lithium below leeches out through the substance. 


3. Research on Electrolyte Solution and Electrolyte 


In order to verify electrolyte stability using a carbon-based negative 
electrode, we studied various combinations of carbon materials and electro— 
lytes, and confirmed that a correlation exists between these combinations and 
charge-—discharge reversibility. 


In further research in which we selected a polyethylene oxide copolymer for 
the polymer electrolyte, a relationship was found between ion conductivity and 
temperature. In order to do something about the low ion conductivity, we did 
research on a film-manufacturing process, wherein which we formed film in the 
tens of micron thickness range, thereby achieving a breakthrough in film 
manufacturing. 


4. Preliminary Design and Study of Battery Cell 


We fabricated a test battery made with a cobalt oxide positive electrode and 
graphite—based negative electrode, and performed a charging-discharging test 
up to 100 cycles. We also prototyped a 10 Wh cell with stacked electrodes and 
found that we could achieve energy density around 200 Wh/2. We found when 
prototyping 10 kW cells using solid polymer electrolyte that it is important 
to have a thin separator film and there be uniform current distribution within 
the electrode. 


(2) Development of High Energy Density Lithium Secondary Battery 

1. Research on Positive Electrode Material 

In developing a high energy density-type lithium secondary battery, research 
has focused in particular on improving the capacity density characteristic. In 
research on a manganese-based metallic oxide positive electrode, we got. 


promising results using spinel oxide in terms of electrode potential and 
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capacity density, so we test-manufactured some spinel oxide to verify 
performance from the standpoint of electrode potential (3.9 V) and capacity 
density (130 mAh/g). 


In research on nickel-based metallic oxide, the research focused on raw 
materials and baking conditions. We found that we could obtazin a material 
having a large capacity density by using lithium hydroxide and nickel 


hydroxide as raw material and baking the material to more than 600°C. 


2. Research on Negative Electrode 


Using four types of carbon materials, 
graphitization, we conducted tests to evaluate the electrode chzracteristics 
more graphitized the material, 
In order to increase capacity, 


of each, and found that the 
discharge capacity per unit of weight. 


each with different degrees of 


increasing the packing density of the electrode is important (Table 3). 


Table 3. Packing Density and Discharge Capacity of Carbon Materials 














the better 





Carbon material Packing density vischarge Discharge 
capacity per capacity per 
weight ve iume 
(g/cc) (mAh/g) (aAh/cc) 
Massiave carbon 1.25 232 290 
Globular carbon i.51 246 371 
VGCF 1.10 301 331 
Artificial graphite | 1.15 332 382 











VGCF: Vapor-grown carbon fiber 


Using a video microscope, we monitored the conditions under which dendrite 
formation takes place on a lithium metal surface in a test cell having lithium 
metal electrodes. We ascertained that dendrite growth is affected by current 
density and electrolyte composition. At present, research is trying to collect 
basic local data on controlling dendrite formation. 


3. Research on Electrolyte 


In research on the various solvents used in organic electrolytes, which 
include carbonates, esters, and ethers, we compared the anti-reduction 
properties of each through changes in the color of the electrolyte while a 
lithium metal electrode was charged and discharged, and along with that, 
compared the anti-oxidation properties of each by forcing changes in potential 
between the electrodes and measuring the oxidation current by the potential 
scanning method. The results obtained thereof confirmed the superiority of the 
carbonates. 
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(3) R&D on Battery Materials 
1. R&D on Carbon Materials 


In R&D on various types of carbon materials, me measured the AC impedance of 
each, and found that solution resistance, charge-transfer resistance, and 
double-layer capacity differed according to the carbon material used. We also 
found instances where these values were and were not dependent on the measured 
potential, so we are doing a more detailed analysis in order to gain a better 
understanding of the mechanism by which the reactions are taking place in the 
interface between the carbon electrode and electrolyte. 


2. R&D on Electrolyte 


In R&D on a compound solvent, we added 29 ester and ether compounds as 
secondary solvents to a carbonate electrolyte such as _ LiPF6/ethylene 
carbonate, and measured the dependence of conductivity and decomposition 
voltage on temperature. The results vbtained thereof indicated that 12 of the 
ester, ether, and nitryl compounds had excellent characteristics based on the 
adaptive temperature and potential window. Additional studies are also being 
done on the methods used to test stability of the electrolyte and on the 
methods used to gather data on the interface reaction between the electrolyte 
and electrode. From this, we believe it will be possible to elucidate the 
mechanism by which charging and discharging causes the electrolyte to 
deteriorate. 


(4) Research on Total System 

1. Researching Effect of Battery Power Storage System 

In a study done to gain a rough idea of the load-leveling effect by number of 
units in place, we found that the load factor could be increased anywhere from 
1.5% to 3.0% if 5~10% of the homes had load-levelers installed in them. 

In order to ascertain the actual conditions in which batteries are used in 
electric vehicles, we investigated the integrated battery capacity and driving 
distance of electric vehicles both inside and outside Japan. 

2. Research on Battery Application Technologies 

Using an existing 1-Ah lithium battery, we are doing preliminary studies to 
evaluate test methods by simulating various charge-discharge conditions in an 
assembled battery such as overcharging and overdiscliarging. 

6. Secondary Benefits Expected from R&D 

(1) Load-Leveling 

The annual load factor is the standard by which the operating efficiency of 


power plants is measured. The annual load factor is the percentage of average 
annual electric power devoted to maximum annual electric power needs, which in 
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Japan is currently running at more than 60%. Though numerous ways of leveling 
loads have been devised to date, if the lithium battery being developed in 
this project were installed on the demand side in homes, it would effectively 
cause an increase in the load factor on both the supply side and demand side. 
Even with the use of electric vehicles, load efficiency would increase because 
charging would be done during the evening hours. For example, even with 1 
million electric vehicles, it is estimated that the load factor would increase 
by approximately 1%. 


The load-leveling produced by introducing electric power storage devices could 
have the following benefits: 


l. On the supply side, it would enable power plants to be omitted 
that are pegged to daytime energy demand peaks and have high cost 
peaks. 

2. It could increase utilization of base energy sources such as 


atomic energy and burning of coal. 


3. We could expect fewer number of DSSs (daily starts and stops), 
meaning fewer losses during start-up and less repair work and 
longer plant life. 


4. If battery power storage devices are installed directly in the 
homes of electric power users, it means fewer transmission losses 
than remotely located pumped-storage power stations. 


(2) Energy Conservation 


In its third project to promote widespread use of the electric car, the 
Electric Vehicle Association, an advisory body of the MITI Machinery and 
Information Bureau, calculated that the energy efficiency of an electric 
vehicle, as measured in terms of crude oil, was 18% compared to 10% for a 
gasoline-powered vehicle. It even guaranteed an energy efficiency of 17% for 
an electric vehicle based on coal-burning power plants, meaning that more 
energy savings could be expected as electric vehicles become more widely used. 


(3) Less Energy Consumption and More Diversified Energy Sources 


As of 1989, Japan's dependency on oil to meet its energy needs was 58%, one of 
the highest in the world. In order to reduce this oil dependency and improve 
its energy supply structure, Japan will have to try and achieve greater 
diversification in energy resources by introducing alternative sources of 
energy to oil. 


At the present time, the automobile accounts for 19% of final energy 
consumption. The use of electric vehicles, which does not require the use of 
oil energy, will enable other sources of energy produced by nuclear power 
plants, thermoelectric power plants, and fuel cell power plants to be used, 
and allow greater diversification in energy resources. 


12 








This report contains information which is or may be copyrighted in a number of countries. Thereforc, ~opying and/or 
further dissemination of the report is expressly prohibited without obtaining the permission of the copyright owner(s). 

















(4) Measures To Improve Air Pollution and Global Environment 


Since electric vehicles emit absolutely no exhaust gases, the increased use of 
these vehicles will help to reduce air pollution in urban areas enormously. 


In terms of NOx emissions, compared to 0.25 g/km for gasoline—powered cars, 
the equivalent NOx emission of electric vehicles, whose energy is supplied by 
coal—burning power plants, is considerable less at 0.10 g/km. 


When it comes to CO, emissions, the amount of CO, generated to produce the 
electric energy used by electric vehicles, can be held to less than half that 
produced by gasoline-powered cars, which means that increasing the use of 
electric vehicles will help ease the global warming problem. 


(5) High-Reliability Power for Advanced Information Companies 


Advanced information companies envision a wider role for home automation and 
office information equipment in the future, but these advanced information 
companies say that they need greater reliability of home and office equipment 
with regard to protecting that equipment against power failures during 
emergencies. If a battery unit were developed which had a highly reliable load 
conditioner feature, it would ensure reliability against power failures and 
play a major role for advanced information companies. 


7. Conclusion 


The idea behind developing an energy-environment technology is to simulta- 
neously resolve mutually shared problems, i.e., problems having to do with the 
global environment, energy supply and demand, and economic growth. 


A number of countries around the world have started working in earnest on the 
development of electric vehicles as the means of dealing with the global 
environmental crisis. In November of last year (1993), the IEA concluded an 
agreement on implementing cooperative research concerning the technology and 
planning of electric vehicles. It has decided to promote the use of electric 
vehicles through international cooperation. 


The largest hurdle to overcome in making the electric vehicle a viable form of 
transportation is the energy source of the vehicle, which is the battery. If 
we could install a 300-kilogram lead storage battery in a commercially used 
vehicle today, it would be equivalent to no more than 6 liters of gasoline. If 
we were to install a 300-kg lithium battery like the one being developed in 
this project in the same vehicle, it would be equivalent to a gasoline-—powered 
vehicle having a tank with a capacity of approximately 30 liters of gasoline. 
It would also dramatically increase the driving distance per battery charge. 
With steady progress in research, the electric vehicle should literally be 
able to close in on the performance of gasoline—powered cars. 


As a national R&D project, the goals of the project can definitely be achieved 


by the private sector, but the technologies of the project can also be 
developed without it being about increasing profits. The private companies 
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participating in this project are individually called upon, both technologi- 
cally and financially, to develop very difficult technologies. Furthermore, 
companies must also look at the projects within the New Sunshine Project in 
terms of not only developing a particular technology but also putting that 
technology into commercial use. 


This means that R&D on this '.thium secondary battery will be taking on some 
risky areas. The project has only just begun, so it is a little to early to 
tell whether the goal of perfecting a large-capacity lithium secondary battery 
can be achieved in nine years time or not when the project is complete, or 
whether the battery will ever be practically used in electric vehicles. 


With the cooperation of the 11 participating corporations, however, the 
technical problems are steadily being resolved, and we expect that a large- 
capacity high-performance small lithium secondary battery can be realized that 
meets the goal of practical implementation as an energy source for next- 
generation electric vehicles. 
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Recent Technology on Motor Controller for Electric Vehicle 


94FE0468B Tokyo SOCIETY OF AUTOMOTIVE ENGINEERS OF JAPAN, INC. in Japanese 
Feb 94 pp 17-23 


[Article by Y. Hori, University of Tokyo, Department of Electrical Engineer- 
ing] 


[Text] 1. Introduction 


What is the appropriate kind of motor for an electric vehicle? In this paper, 
I discuss this issue from the viewpoint of electrical engineering in as 
general terms as possible. 


First, I compare the characteristics of the synchronous motor (SM) and 
induction motor (IM), and then outline the methods of control used in each. I 
also touch on the latest control methods. Next, I take a theoretical look at 
the electric motor, and discuss the basic items in variable speed drive 
systems of AC motors. This is because I believe that theories and principles 
should be discussed later. 


One thing should be remembered from the outset and that I am not an expert in 
electrical actuators. With regards to electric vehicle, I once acted as an 
advisor to Tokyo Electric Power when it was developing the IZA high-perfor- 
mance electric car, and was added as a member of its EV research team. 
Accordingly, in this paper, I do not discuss the original research findings I 
had made, but try to speak more in more general terms and add my own views 
from time to time. This paper also includes excerpts from lectures given at a 
conference of electromotive experts held on 14 September of last year. 


2. Comparison of Electric Car Motors 


The table below compares the characteristics of motors used in electric 
vehicles. I believe the motors showing the most promise are induction motors 
(IM) and synchronous motors (SM). Generally speaking, a synchronous motor is 
better in terms of efficiency and simplicity of the controller, whereas the 
induction motor is better when it comes to strength and speed. 
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bomen 


| DC motor 
| alternative 


Latest AC Drive Applications’ 

| Application Main benefit 

Synchronous rotating blade | 
cutting device for fast moving 


materials 


Drive unit of rotary press 
Central drive unit of papermaking 


machine 
Trains 


Higher performance 


higher performance 





LS 


Less maintenance 









Less maintenance 
Less maintenance, 












Mechanical 
| power sub-— 
| stitute 


Electric vehicles 
Electric propulsion systems for 


ships 


High-speed large-capacity 
compressor drive unit 


Higher performance 


Environment-resistant 





Less pollution 
















Upgraded Back-up drive unit for ships Environment-resistant 
technologies | Back-up regenerative braking unit Less pollution 
for large vehicles 
Large-capacity AC motor-driven Less maintenance 
industrial equipment 
Energy-saving control of large Energy-saving 
equipment cooling fans 
Auxiliary drive unit for ships Higher performance 
Linear elevator Space-saving 
| Advanced Sensorless vector-controlled Higher performance 
technologies conveyors 
High-speed machine tool spindle Higher performance 
Stainless steel mill Energy-saving, less 
maintenance 
AC pump for hydraulic elevator New features 
Dynamometer Higher performance 
ocean acre nr = 

















Equivalent Circuit and Vector Drawings of Synchronous and Induction Motors 


Synchronous motor (SM) 


Induction motor (IM) 





ows |, 

















Al. 











Se f+ Scr 
17th | Ten 
* | - be’ 
Contrel conditions Both berks 
E, oo phase =I Control conditions : Ie * these aaamaaied 
joteh. io(ero ist) 


ah 











"Motor Guide," Nikkei Mechanical, 24 August 1992 
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Comparing Typical Characteristics of Electric Vehicle Motors 












































































petra semana cman er cing rena ca canara emma ee a ace 
DCM (DC SM IM SRM 
motor) (permanent (induction (switched 
magnet—type motor) reluctance 
synchronous motor) 
motor) 
——<——————— ——————————————————— 
Maximum effici- 85~89 95~97 94~95 Less than 
ency (%) 90 
Efficiency (%) 80~87 90~92 79~85 78~86 
(10% load) 
Maximum rpm 4 ,000~ 4 ,000~ 9 ,000~ Less than 
(rpm) 6,000 10,000 15,000 15,000 
Cost/axle output 10 10~15 8~12 6~10 
($/kW) | 
Controller cost 1 2.5 3.5 4.5 | 
| Durability Good Good Excellent Good 
| Reliability Average Good Excellent Good 








Configuration of Synchronous Motor (SM) 
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"Motor Guide," Nikkei Mechanical, 24 August 1992 


Configuration of Induction Motor (IM) 
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Comparing SM and IM Characteristics 













Synchronous motor Induction motor 
(SM) (IM) 
Adaptive capacity 10s of W + several kW 100s of W 
Dimensions/weight 7 o 
Simple structure re) ° 
Environmental resistance re) ° 
Maintenance A ° 
Productivity A re) 
Fosition sensor Required (A) Not required (0) 
Speed sensor Not required (0) Required (A) 
Life As far as bearing As far as bearings 
life 
Motor constant High voltage, low High voltage, low 
current possible current possible 
High-speed rotation A ° 
(operable 
in weak field) 
Emergency control during ° A 
power failure 
Permanent magnets Yes (A) No (0) 
Temperature characteristic No (0) Yes (A) 
Number of controllers 1 per motor needed Simultaneous control 
of several motors 
possible 











If the power of motors is made the same, we find that an impact-type system in 
a general motor, which uses stationary reduction gears, is more practical at 
generating higher speeds in synchronous motors because the weight of the motor 
gets lighter with faster rpm. The IZA electric vehicle developed by Tokyo 
Electric, however, uses a system exactly the opposite. It has successfully 
achieved direct 4-wheel drive with DD—type synchronous motors mounted in the 
wheels. The system is aided by high-performance permanent magnets and 
meticulous design of the motor itself. 


3. Theory of General Motor 


In this section, we take a look at how various types of motors are expressed 
as general motors and discuss the basics of how torque is generated. 


3.1 General Motor 
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When three-phase current is balanced, 


i, = I cos wt 
i, = I cos (wt — 120°) 
i, = I cos (wt — 240°) 


there are two degrees of freedom in the rotor winding, 
thus three-phase is transformed to two-phase. 


i 
i. i, 
is ee & 

















i, = kI cos wt 
ip = kI cos (wt — 90°) = kI sin wt 


e tion wo- se to 


Basic e-ri+¢= ri + p¢ 
a—phase Cn = Taig + P [Leaia + Mabin + Marit] 


uc tanc 














A + Ccos 26 
= (Lgth,) + + (LeL,) cos 20 


~ 
g & 
nom 


L, cos*8 + L, sin*é 


On A. 
v AY aa A 


My = G sin 20 Saliency expressed 








Ge Loa = 3 (Lg-L,) 
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ic 
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C 
x 
7 


M,¢ = K cos 6 = Lyg cos 6 


When each inductance is substituted in basic circuit equation for a, b, and f 
phases, it takes the form e = Zi 


= |pL,cos6 r,+p(Los*6+L_sin*6) p(L,-L,)cos@ sind fi, 


er Ietp Ly pL, 0s pL,,siné 4. 
&, 
&p L,gin6 p(L,-L,)cos@ sin6 = r,+p(L,sin?6+L,cos*8) fl» 


Characteristic: Matrix Z is symmetrical 
Hard to deal with because @ included ~ Projected to dq-axis 


3.2 Characteristics of General Motor From Perspective of d,-Axis 


q 


, 
fa 


EVN I1e 


{0 

















; - y by transformation, and various masses are seen along the 
b 


g 
d,-axis ; 


Relationship of coordinates 


a=dcos 6+qsin@ d=acos @ +b sin @ 
b=dsin#@-qcos 6 q=a sin @ - bcos 6 


Transformation matrix 


(1 0 0 | 


|. 0 cost aint y 


.0 sin6 -cos6} 
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Circuit equations along dq-axis 





(r,+pLl, ply, 0 (| 
e, | ae 
Cal =| Plog etPle LP |lia 
e . 1 
| - Lp -1p r,+pL, 





In other words, it takes the form e = Zi. 


1. p: Transformer electromotive force, @: Speed electromotive force 

2. Though it exists spatially as far as second harmonic, because rotor 
is uniform, it becomes a linear differential equation according to the 
coordinate transformation. 


3.3 Torque Equations 


In the circuit equation e = Zi on dq-axis, 
Ipe+pl, ply 0 

Z= Plyq r,*Pla Lp 

-LPp -L£ 1r,+pLl 


We can see that Z = R + Lp + G6. 


~Lyq -La 
Transformation of input power 


ite = i'Zi . 
- i’Ri + i'pLi + i'Gi 6 


(1) Resistance loss, (2) Reactive power, (3) Mechanical output 


Pech = i'Gi 6 = T-6 and 
T = i'Gi 


= (ig ig ig) Ly 
~Lag -Lg 


= -Lygh cig- (Ly-Lg) igig 


+ Main torque ~ Salient torque 


bm. hw. be 
a 
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3.4 Expressions and Characteristics of Various Motors 

















(1) DC motor 
s 
< ' 7 . 
. . . . {oO 
Be fe 
f d re | 





£ | re+pl, Ply, 0 


d| pl, 1,*pl, LP 





q|-L,f -LA 1,+pl, 
Synchronous motors and DC motors have absolutely identical matrices. 


e In a DC motor, the transformation of coordinates is done with 
hardware (commutator and brush). 


e In a synchronous motor, if the coordinates are transformed with a 
switching element, commutator and brush are no longer needed and it 
becomes a brushless DC motor. 


(2) Separately-—excited motor 


[iy a 
— ANS 


0 f0 




















C, 


Though there is a winding along the d-axis, we believe there is no 
current. ~ ig = forcing 0 
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Matrix pertaining to d eliminated which gives equation for DC motor. 


1 £ g 





z=f |rg+pl, 90 





a -L,p I,*Pl, 


Torque is expressed 


T= itgi - it ’ 9) i = Laake 
-Lyq 0 q 


Only items applicable to main torque of synchronous motor (because ig = 0) 


(3) DC series wound motor 








po 
Ls 














Cy 
¢ = nig = i,;. n is winding ratio. 


i 
Expressed by matrix, the impedance matrix, (*" - ") i, 


becomes scaler, 


r,;+pL, 0 


n 
Z = (n1) . (”) 
-L,§ 1,+PL 


= (n*ryr,) + (n*L,+L,)p - nb, p 


Torque equals.... 
T = i'Gi = —nLyi,” 


(torque proportionate to square of current: winding characteristic) 
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(4) Induction motor 





















































=p Pith ee 











3—phase—to—2-—phase transformed induction motor. Assuming four coils. 


ld lg 2d 2g 





ld jzr,+pl, 0 pM 0 
zz=ig 0 £,+pL, 0 pM 


2d | pw mM r1,+pl, 10 





2g - pM -1,8 r,*pl, 
Ine = Zi, 
e = (eyg@iq 0 0)", and i = (seiigizaiag)’- 
Analysis of 3—phase equilibrium and steady-state 
Current with power source frequency w flows to primary winding. 


ing = I, sin (wt + —) 
lig = I, sin (wt + po + 90°) 


In these differentials, p = jw. 
What should be done with regard te current to secondary winding? 


iog = ing cos @ + iy sin @ 
iaqg = izg sin @ - iy cos @ 


Since @ is speed of rotation, 
6 = (l-s) w, s: slip . = (l-s) wt +a 


the secondary winding frequency is a slip frequency. 
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ing = I, sin (swt + B) 
in = I, sin (swt + B + 90°) 


When these are substituted and rewritten, it gives.... 


log = I, sin (wt + a + B) 
izg = I, sin (wt + a + B + 90°) 


Secondary current has a slip frequency, but when viewed from stator, it 
has power source frequency w. 


Differential operations may formally be written p = jw. 


Hence, when p is replaced with jw, and jwL and jwM are replaced with jx, 





1d lg 2d 2g 
1d| r,+jX, 0 jX~ 0 
z=2ig@ 0 r,+jX, 0 jx, 


2d jX,, (1-s)X, 1,+jX, (1-s)X, 
2q | -(1-s)X, jX, <-(1-s)X, 12+jX, 





it gives an algebraic equation. 


Also, since the amplitudes of masses along both the d—axis and q-axis 
should be equal, lig = 1;, tig = jli, log = 12, tag = jlz, which is to say, 











(did) 4 
ted 9 | (8 
log 1} \2, 
dag) SI 





when the number of variables is cut in half, 


Ey) _ r,+jX, jX, q, 

0) \ jsX, 41,+38X,) \I, 
This gives the well-known positive-phase-sequence component equivalent 
circuit. 


WX1rXa) KX Xn) 
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Torque equation for induction motor 


When matrix G with affixed § is isolated, it gives 


G=| L, 
Mm -L, 


Accordingly, torque is expressed 
T = i'Gi = M(ijgiag-figiag) 
When three phases are balanced, torque is expressed 
T = i'Gi = -jX—l,"I, (this is always a real number) 


4. Variable Speed Drives 


Power source postage cores 
urrent pee 
(AC, DC) Frequency Position 














—eftrantorae Fad Motor Ho 
iy } 


Control signal 


| Controller - 

















| Setting 


Classified by Type of Motor 
1. DC Drive 


(1) Thyristor Ward-Leonard system, 
(2) Chopper control...abbreviated. 


2. AC Drive 
(1) Primary voltage control of induction motor 
(2) Secondary power control of induction motor 
(3) Commutatorless motor 


(4) Variable speed drive of induction motor 


Recent technology: Position sensorless control in (3): SM 
Speed sensorless control in (4): IM 
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(1) Primary voltage control of induction motor 


OH LE HO 


Various circuit formats 
Strengths: Inexpensive, quick torque response, high reliability 
Weaknesses: Poor torque characteristic, large losses, imprecise 


control 
Area of use: cargo handling equipment, blowers, pumps, etc. 


(2) Secondary power control of induction motor 


(a) Chopper system 








Strengths: Inexpensive 

Weaknesses: Adjusting secondary power ~ adjusting losses ~ poor 
efficiency 
T! Proportional shift 









egree of secondary 
resistance 












(b) Scherbius system 
Basic 
Or 


e Secondary voltage adjusted according to a 






rectifier inverter 
Lik 











e If vy = 0, it is as if nothing is done, so it is better to have 
equipment having a range of control. 


Slip ring meeded 
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coatrelled 
rectifier inverter 





When controlled rectifier and invertor are given a firing angle, 
it enables the motor to run faster than synchronous speed. Also a 
cycloconverter type. 


(c) Kraemer system 


Basic system 














e By adjusting the excitation of DC motor, we can find the fixed 
output characteristic (series characteristic). 
That eliminates strengths of brushless motor. 








(3) Commutatorless motor 
(uses synchronous motor called brushless DC motor) 


(a) Forced commutation type 
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(b) Natural commutation type 





Compared to (a), which uses a forced commutation type 
invertor, commutation in (b) reverses current with 
counter-electromotive force of synchronous motor. 


(c) Cycloconverter 
synchroconverter 








(uses synchronous motor called brushless DC motor) 


Control phase of armature current based on current 


1. ig = 0 control + demagnetized electromotive force set to 0 
* torque proportionate to current 
¢ terminal voltage rises as load increases 
Power-factor 1 control 
Linear torque control 
Interlocking magnetic flux constant control 
Using maximum torque control and reluctance torque 


wm & Ww Ph 


e Problems 


1. Power source power-factor and higher harmonics produce same problems 


as DC motor 
2. Overload capacity, weak field characteristic + inferior to DC motor 


(especially permanent magnet type synchronous motors) 
3. Large torque pulsation 


e New Technologies 
1. Position sensorless control 
¢ Trapezoidal magnetic type (monitors counter-electromotive force from 
non-conducting arm) 
¢ Sinusoidal magnetic type (estimate based on motor model) 


¢ Problem with detecting original position (possible with IPM, but very 
difficult with SPM) 
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2. Weak field 
¢ Development of magnet material resistant to demagnetization 


(4) Variable speed drive of induction motor 
Power supply 


(AC, DC) Variable 
frequency 
transformer 








a 





Speed data - Not required with simple open-loop control 
- Required with slip frequency control 
- Absolutely necessary with vector control 
- Speed sensorless control, however, is already being used 
commercially 


Variable Frequency Power Sources 
(1) Invertor 
Voltage-type, current-type 
(current-type invertors require no reverse—direction rectifiers to 
return regenerated power to system, but very few advantages in 
terms of electric vehicles) 
(2) Cyclotron 
Large-capacity oriented 


(not applicable to electric vehicles because direct conversion 
from AC power supply) 










8 Direction of 
magnetic flux 


Speed of 
© -otetion 





Current: i, = i, + i, i,: Primary current 
i,: Magnetizing current 
i,: Secondary current 
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Torque: T = Ki, X iz 


Vector control ~ Independent control of ig and i, 


In DC motor, corresponds to independently controlling field and 
armature current. Operating, however, can be done merely with i,, 
and lig , 


Transformation to a-b-—axis 


i,, = i, cos » — iz sin p> 
iig = i, sin ~ + i, cos p 


Transformation to y-6-axis 


i, - ii cos y~ - iis sin y 
i, = i,, sin » + ijg cos 


(done according to direction of magnetic flux) 


Reference Set Measured Actual 
value value value value 











ection 0 
netic flu 
































sic co uration of vect ontro 
Reference values for i, and i, found by more advanced 
speed control and field control system. 


e Types of Vector Control 


(two types based on method of field detection) 
(1) Direct-type vector control 
« Uses Hall elements 


« Not adapted to IM manufacturing process, so loses IM strengths 
e High reliability 
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(2) Slip frequency-type vector control 


¢ Computed from current and voltage 
Voltage model: problems with drift due to pure integration 
Current model: easily affected by fluctuations in secondary 
resistance 
Magnetic flux observer: mixes advantages of both 
* Used commercially despite adaptive identification of resistance 


¢ New Technologies 
1. Constant identification, autotuning 
Recent mandatory features 


2. Speed sensorless control 


¢ Speed control already possible to 1:100-1:200 (Is that enough for 


electric vehicles?) 
¢ Theoretically and practically ready for commercial use 


Maximum Operating Efficiency of Induction Motor 


ex 


Primary current j, = /i,7+i,? 








Torque T= K i, x i, 
i1,@M = i,? and 
Slip frequency "a 
® = §@ = Ri 
° M i, 
i 


Vector control 
(magnetizing current 


_— i,, constant) 


Locus of torque 
T constant 






; 


” 









A 











0 \ 7 in 


Locus of primary current i, constant 
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Block Diagram of Synchronous Motor (SM) Control 
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5. Conclusion 
Vector control in conventional induction motors has not been very effective, 


but this is because magnetizing current has been fixed. If maximum operating 
efficiency could be achieved by varying magnetizing current, induction motors 
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would be no less efficient than synchronous motors. Conversely, using better 
permanent magnets in synchronous motors would enable weaker fields and faster 
operating speeds. 


The progress made in sensorless control has been attracting a good deal of 
attention recently (position sensorless control in synchronous motors and 
speed sensorless control in induction motors)*. Algorithms are quite complex, 
but high-performance microcomputers can now compute these without much 
difficulty, so in the not too distant future, we are likely to see three 
strands of thin wire carrying high-voltage low-current electricity to motors.? 


The strengths and weaknesses of various motors differ widely from what they 
were before advances were made in control technologies. We believe it is no 
longer necessary now to try and find the best type of motor. The SM, IM, and 
SRM motors are fairly comparable now in terms of use and preference. 
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studying for his master's degree. 
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[Article by M. Ariyoshi, Daihatsu Motor Co., Ltd. |] 
[Text] 1. Introduction 


When considering global environmental problems such as atmospheric pollution 
in major cities, global warming, and acid rain, one major cause of these has 
to be the large amounts of oil consumed by automobiles and other vehicles on 
the road. As a way of tackling these problems and reducing oil dependency, 
companies have been trying to develop low-polluting vehicles that run on 
alternative fuels in order to try and diversify energy resources. 


There are specific laws coming on the books in California (U.S.) which will 
make it mandatory by 1998 that 2% of the vehicles sold in that state be non— 
emission vehicles, and a similar trend seems to be developing among states on 
the east coast as well. 


The goal of introducing low-polluting vehicles is also one being sought in 
Japan, and various measures are now being taken with that intention in mind. 


Among low-polluting vehicles, a lot of people are talking about electric 
vehicles in particular because they produce no exhaust emissions, but because 
no new revolutionary high-performance batteries are expected to be developed 
anytime soon, there is very little hope for any dramatic breakthroughs in EV 
performance. 


Nevertheless, through grants and subsidies provided by the government and 
other self-governing bodies and related organizations, electric vehicles are 
being marketed today, but the truth of the matter is that it has been really 
difficult to get consumers and companies to use these vehicles. 


2. Hybrid Electric Vehicle 
An argument could be made regarding electric vehicles, which emit no exhaust 
gases, that they are not truly non—polluting vehicles. This is because toxic 


gases are emitted into the environment in producing the electrical energy used 
to power the vehicle. 


35 





This report contains information which is or may be copyrighted in a number of countries. Therefore, copying and/or 
further dissemination of the report is expressly prohibited without obtaining the permission of the copyright owner(s). 

















That being the case, if we could achieve less pollution in a vehicle relative 
to electric vehicles in terms of the gases emitted to produce electrical 
energy, we would then have a low—polluting vehicle on a par with the so-called 
zero—emission electric vehicles. 


We must ask here then what the possibility is of perfecting a hybrid electric 
vehicle that is as low-polluting as an electric vehicle. 


A hybrid electric vehicle is basically an electric vehicle with another source 
of energy which is harnessed from the travelling energy of the car and used to 
power the car. 


The recent Tokyo Motor Show had four Japanese-—manufactured hybrid vehicles on 
exhibition. Three of the four hybrid vehicles exhibited at the show had 
gasoline engines as auxiliary sources of energy, and the other had a methanol 
engine. 


According to published accounts, European manufacturers have adopted both 
diesel and gas turbine engines in their hybrid vehicles. 


Below, we list characteristics of auxiliary sources of energy used in hybrid 
electric vehicles: 


e Gasoline engines are wanting in fuel efficiency, but provide overall 
good balance. 


e Diesel engines offer good fuel efficiency, but emission of NOx and 
black smoke has to be controlled. 


e Methanol engines must be made more durable. The auto—ignition—type 
requires better cold startability, and the diesel-type must cut down on 
the emission of formaldehyde. 


e Natural gas as an auxiliary source of energy requires a fuel supply 
system. 


The way in which the engine and motor are integrated in a hybrid vehicle 
creates two different types of hybrids, namely, a series hybrid and a parallel 
hybrid. 


2.1 Series Hybrid 
A series hybrid is basically an electric vehicle having an auxiliary means of 
supplying energy to charge the battery that powers the vehicle. Examples of 


this system include DASH21, ESR, and WAVE, ali of which are hybrid vehicles 
with gasoline engines. 
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Table 1. Hybrid wehicles (30th Tokyo Motor Show) 


Vehicle name Daihatsu Suzuki Mitsubishi Tohoku 
Electric 


DASH21 EE10 ESR WAVE 





System Series Parallel Series Series 





Motor DC AC 
brushless induction 





Drive system RR (EV) FF 
FF (IC) A/T 





Sealed 


Ni-H Alkaline Pb-Ni-H 





Gasoline Gasoline Gasoline 

















660 cc 1500 cc 360 cc 


2.2 Parallel Hybrid 
































— — P= — a 
A parallel hybrid is basically a vehicle |,/ |5 =| |s 
that operates as an electric vehicle in 31 creme —s 
certain restricted areas and as an engine- [5 cL teLJiz Liz 
powered vehicle under normal driving con- | | a 2 Sr] 


ditions, and can when a particular need 
arises, run on both forms of energy be- 
cause surplus power is used to charge the confi 

battery or generate electricity. The drive viguse 3. Hybrid — Series 
system used in parallel hybrid vehicle has 

a number of possible configurations. 
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Figure 2. Configuration of Parallel 
Hybrid Vehicle (A) 





Figure 3. Configuration of Parallel 
Hybrid Vehicle (B) 
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The series and parallel hybrid systems each have their own distinctive 
characteristics, and one or the other is adopted according to the aims in 
vehicle planning. 


Table 2. Comparison of Series and Hybrid Systems 









Power 
character-— 
istic 


Series 


Parallel 





eBasically determined 
based on use as electric 
vehicle 


eDetermined based on use as elec-— 
tric vehicle and internal com 
bustion engine vehicle 

eCases of added power also found 
in both 





Exhaust 
gas 


eConstant engine speed 
enables less pollution 
with various types of 
driving 


eLess pollution when used as 
electric vehicle 





in less pollution 









eEffective use of motor results | 


eEfficient as either electric 
vehicle or internal combustion 
engine vehicle 


Efficiency | eHigh operating effici- 
ency of engine 
ePoor energy generating 


and charging efficiency 





Cost eElectric vehicle: (neg) 
parts of battery; (pos) 


generator/controller 


eInternal combustion engine vehi- 
cle: (pos) electric vehicle com 
ponents 

















3. History of Hybrid Vehicle Development at 
Daihatsu 














3.1 Light Four-Wheel Drive Vehicle 





























In 1970, Daihatsu developed a parallel 
hybrid vehicle in which the front wheels 
were powered by a two-cylinder two-stroke 
engine under the hood, and the rear wheels 
driven by a motor via a differential. 








3.2 Small Truck 











In 1977, Daihatsu developed a small truck to tof 3 
solve noise problems in certain restricted 
areas. The truck was a parallel hybrid 
vehicle which acted as an electric vehicle 

while driving in residential areas in early viguse °. Component Lageut 
morning hours or late at night, and as an 
ordinary diesel vehicle in other areas, and used surplus output to charge the 
batteries. 
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The power train used in this truck was a 
one-way clutch, a unique system at the time. 


3.3 Small Passenger Vehicle 


In 1979, with a lot of concern over oil, 
Daihatsu developed a hybrid passenger vehi- 
cle to conserve fuel and energy. 


This hybrid vehicle was powered by a 550 cc 
engine and two motors, and was automatically 
controlled by microcomputer so as to select 
the optimum combination of energy according 
to driving conditions to achieve optimum 
efficiency. 


In order to improve fuel effici- 
ency, Daihatsu has adopted a 
program in its hybrid vehicles 
to make the most effective use 
of the engine, whereby the motor 
was used for starting the vehi- 
cle, the engine, or engine with 





Motor | 


_O | 











back-up motor, for cruising, and 
a combination of the engine and 
motor, or both motors, for over- 


Engine 











taking other vehicles or accele- 
ratior. Charging is not only 
done with the surplus energy of 
the engine, it also done automa- 


to HS 


Figure 6. Drive System 


























Figure 5. Component Layout 
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tically by regenerative braking in which the motors are used as generators 
while the vehicle is descending a hill or decelerating. 


4. EV Sedan (DASH21) 
4.1 Aims 


Daihatsu has been actively involved in 
promoting electric vehicles and has put many 
such vehicles on the market over the years. 
Nevertheless, there are still many problems 
which must be resolved if electric vehicles 
are to become more widely used. These in- 
clude increasing the driving distance per 
battery charge, lowering vehicle cost, and 
building a proper infrastructure, but the 
truth is that these problems are not expect- 
ed to be solved anytime soon. If gasoline 
were to be used in a series hybrid vehicle 
equipped with a gasoline engine, however, it 
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Table 3. Daihatsu Hybrid Vehicle 





























ca enon oman an mrss ak nce ema mam © ee SIO meme 
Light 4- Diesel Small Small 
wheel truck passenger | passenger 
drive (Delta vehicle vehicle 
(Fellow 1.5 ton) (Sherman) (DASH21 
Max) EV sedan) 
a ———— | 
System Parallel Parallel Parallel Series 
Seating 2 3 5 4 
Vehicle weight (kg) 850 3,285 1,220 1,310 
Maximum load capacity (kg) 0 1,500 0 0 
Total length (mm) 2,995 5,705 4,110 4,160 
Total width (mm) 1,295 1,985 1,530 1,695 
Total height (mm) 1,330 2,050 1,380 1,510 
Engine | Type Gasoline Diesel Gasoline Gasoline 
Displacement (cc) 360 3,000 550 660 
Output (ps) 33 85 55 11 
Motor | Type DC series DC shunt DC shunt DC shunt 
Output (kw) 3 15 28 20 
Controller Thyristor | Transis-— Micro- Transis— 
tor computer tor 
Bat- Type Lead Lead Lead Ni-H 
tery Voltage (V) 72 144 96 120 
Capacity (Ah/S) 100 135 100 120 
ee ____________ 


























would eliminate the need of trying to increase the driving distance per 
battery charge, and obviously, the need of having to provide an infrastructure 
for gasoline. 


With respect to the problem of cost, hybrid vehicles must achieve better cost- 
performance than electric vehicles by figuring out ways to achieve better 
mileage. If hybridizing enables an electric vehicle to have fewer primary 
batteries, and that reduction is equivalent to the total cost of the engine, 
generator, and controller, it would at the very least improve the same cost- 
performance as an electric vehicle. 


Hybrid electric vehicles must have clean exhaust gases and good fuel 
efficiency. 


4.2 Energy Control 


Controlling the generation of electrical energy in a series hybrid vehicle is 
basically a simple matter. The generation of electrical energy begins when the 
residual capacity of the battery falls, and stops when the capacity of the 
battery reaches a certain level. 
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Figure 8. EV Sedan (DASH21) 























Daihatsu has developed a special energy-gener- —— 
ating engine that is based on a 660 cc fuel- a £3 a 
injected automobile engine. The engine is Starter on a> Throttling} 
controlled by an engine ECU and energy-gener- 2S Protec- | e 
ating control unit (ECU) so that it runs at a é tion 2.5 é 
constant speed to produce high fuel efficien- | §| feature 22 Stand-by >is 
cy. ” hamnened ee 
ee ee SS 
Here, we show the relationship between changes wo Stop command , 


in cell capacity and driving distance in 

vehicles in which charging starts when cell Figure 9. Energy Generating 
capacity drops to 40% and charging stops when Control Flow 
capacity has returned to 508. 


4.3 Fuel Consumption and Exhaust Gases 


One of the key things which we have tried to do with the series hybrid vehicle 
is to make the power-generating engine a lean-burn engine in hopes of 
achieving better fuel consumption and reducing exhaust emissions. 


Looking at the graph below showing the relationship between air-fuel ratio and 


exhaust gas emission, we can see that a lean-burning engine emits far fewer 
quantities of nitrous oxide and carbon dioxide. 


41 





This report contains information which is or may be copyrighted in a number of countries. Therefore, copying and/or 
further dissemination of the report is expressly prohibited without obtaining the permission of the copyright owner(s). 





























™ Ener 100 
i Throttle -— contend q 
unit (ECU) Driving on pure 







— electrical energy 





Hyrid driving 








Generator 


+ 
La 
pein eee 

















100 200 
Driving distance (km) 
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Figure 10. Block Diagram 


The bar graphs below show the results from testing fuel consumption and 
exhaust gas emission in a hybrid vehicle based on test modes used in Japan to 
measure exhaust gas emissions. It shows the hybrid vehicle consuming 14.4 kWh 
of electric power per 100 km from the primary battery. 
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4.4 Nickel Metal Hydroxide Battery 


The nickel metal hydroxide battery used in this vehicle is a clean high- 
performance secondary battery. It shows a lot of promise in terms of use in 
electric vehicles, and is being exhaustively researched 

both inside and outside Japan. 


Table 4. Battery Specifications 




















Rated capacity 30 Ah 

Rated voltage 30 V 

Weight 15.8 kg 

Size iz 125W x 316L x 175H | 











When we compare the performance of the prototype battery used in this vehicle 
with that of a conventional lead storage battery, the prototype battery is 
found to have higher energy density, a more effective discharge characteris— 
tic, and a better low temperature characteristic. High energy density is 
linked to further driving distance per battery charge, whereas a good 
discharge characteristic contributes to better performance under higher loads, 
and a good low-temperature characteristic produces better mileage per battery 
charge, which tends to worsen in colder regions. 

















sz 180 — * k 
Ps o_—* * qlee re +— 0 
8 ° | Sa : 
rT) — 

* 
: oo : we 
o se : 
é 2 seh 
: % Ni-H battery € & Ni-H battery 
3 O Lead battery e O Lead battery 
> Ll | | g 
San ) > Ut J | ff 
8 Discharge current (C) | : ~80 ~te ¢ ie 80 80 
Figure 15. o Discharge temperature (°C) 

Figure 16. Discharge Temperature 

5. Conclusion Characteristic 


The impact the automobile is having on the environment is becoming more severe 
as the number of vehicles on the road increases, and this has led to stronger 
calls for better fuel consumption (less CO.) and less exhaust gas emissions in 
automobiles. 


While the electric car, on the one hand, achieves high marks with regards to 
both these objectives, it has certain disadvantages that have kept it from 
achieving commercial success. In trying to compensate for these shortcomings, 
Daihatsu has developed a series hybrid electric vehicle. A hybrid vehicle has 
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wider applicability than electric vehicles, and cost of these vehicles is 
expected to come down once the number of vehicles in production increases. In 
order to commercialize the fairly complex hybrid vehicles, it will be 
necessary to build simpler systems, and have cost performance be competitive 
with engine-—powered vehicles. 


To achieve further reductions in exhaust gas emissions, Daihatsu will have to 
develop a high-performance lean catalyst for the DASH21 hybrid vehicle, and to 
achieve better fuel consumption, will have to make each of the components more 
efficient and the vehicle itself lighter. 
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Subaru VIVIO Electric Vehicle--Midget Electric Vehicle With Brushless Motor, 
Continuously Variable Transmission 
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[Article by K. Kamimura, Subaru Research Center Co., Ltd. ] 
[Text] 1. Introduction 


At the 30th Tokyo Motor Show held last year, Subaru exhibited a new electric 
vehicle called VIVIO which had a power train configuration with an ECVT. Until 
then, Subaru had had very little experience developing vehicles such as this, 
thus the vehicle exhibited at the show had several problems or weaknesses. We 
believed, nevertheless, that this was a step in the right direction. In this 
paper, we profile the VIVIO electric vehicle and discuss current and future 
problems. 


2. Development of Electric Vehicle 


In developing the electric vehicle, we argued back and forth from the outset 
about whether the vehicle should have a transmission for a power train or not, 
and whether a CVT would be more effective in case we decided on a transmis- 
sion. 


Hill-climbing performance 


x % 







As we can see from Figure 1, the power characteris-— 
tic required in an electric vehicle call for in- 
creased power at lower speeds to ensure uphill 
performance, and higher output at faster speeds to 
ensure maximum speed. As we see in Figure 2, this 
is achieved in engine-powered vehicles by combining 
an almost flat engine characteristic with a trans- 
mission even though torque may rise and fall. 


Acceleration 
performance 


V max 
0% 


Driving force 








Vehicle speed V 
The EV motor shown in Figure 3 has a wide rated 


output characteristic, and in this case, is able to 
satisfy the performance demanded of the vehicle by 
combining a motor with either a fixed-—gear or two- 
speed transmission. In this case, the torque is 


Figure 1. Power 
Performance Required for 
Vehicles 
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larger and the motor has to handle more 
current, so it is generally larger and 
heavier than other motors, and the 
electrical elements it uses are more 
expensive. However, when motor charac-— 
teristics are based on variable speed 
as shown in Figure 4, the torque re-_ Vehicle speed V 
quired is not as large, so the motor 
itself can be made lighter and cheaper 
than the other motors mentioned above. 
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Figure 2. Power Performance of 
Conventional Engine-Powered Vehicles 


In this paper, we report ona theoretical fy 
study which we attempted on two different 
AC motors with identical output. With 
specifications the same, we compared the 
performance of fixed-gear type motors 
with no transmission with that of an in- 
tegrated-type motors with CVT and trans- 
mission, but we did not find that great a 
difference between the two motors. 
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Figure 3. General Motor Character 
From that study, we obtained a motor from istic Based on Variable Speed 
among the motors studied which had the 
flat torque characteristic we believed yf 
would be compatible with a transmission, 
so began testing it in actual electric 
vehicles. 





Flat torque Transmission 
characteristics + CVT 


3. Development Concept of VIVIO Electric y/ (. MT. AT) 
Vehicle TT 


Electric vehicles are just now becoming nen N 

popular, but most of the EVs sold today Figure 4. Motor Characteristic 
are targeted primarily for business uses Based on Variable Speed 
such as transporting luggage. 


Torque 

















In order to widen interest in electric vehicles, we believe that the next step 
should be to make Evs more like passenger-type vehicles. Some ideas being 
tossed around include a courier-type vehicle for business use, or a shopping 
and errand vehicle for private use. The type of vehicle which we believe would 
best serve those needs is a two-passenger compact electric vehicle that 
affords relative comfort, has a compact turning radius, is zippy, and easy to 
handle. In that context, we selected the VIVIO as the base vehicle to develop 
the compact electric vehicle. 


The conceptual aims in developing the VIVIO electric vehicle were decidedly 
experimental in nature, so we decided that the key concepts in terms of 
performance should emphasize safety, comfort, and ease-of-use, and that it 
should feel secure and be easy to drive in traffic. One of the ways we thought 
would accomplish this was to combine a power train with a Subaru ECVT. 
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4. Main Characteristics of VIVIO Electric Vehicle 


Figures 5, 6, 7, and 8 [not reproduced] are photographs showing the outside of 
the vehicle, under the hood, the luggage compartment, and battery storage 
space, respectively. 


The outside and inside of the vehicle are not that much different from the 
basic VIVIO, with battery space taking up the equivalent of two passenger 
seats. 


As for the power train, we combined an ECVT with a light-weight compact high- 
output DC brushless motor with flat torque characteristic to try and make the 
vehicle easy to drive. In other words, we had to think about the capacity of 
the motor and the way in which the transmission was used. In order to 
emphasize performance, we decided on a high-voltage light-weight electric 
vehicle with an FF drive system. 


In terms of a battery, we were looking for a high-output power unit with a 
compact body, so opted for a small high-performance light-weight sealed 
nickel-zine battery. This enabled us to lower the floor of the luggage 
compartment until it was even with the top surface of the rear bumper, and 
gave us a relatively wide luggage space for an electric vehicle. 


For the battery charger, we opted for a portable-type charger that could be 
optionally carried on board. 


Other equipment installed in the vehicle included a combination heat—pump-type 
air-conditioner unit and PTC heater, vacuum—pumped power brakes, and a driver- 
side air-—bag to protect the driver. The vehicle was also equipped with special 
discharge—type head lights and low rolling-resistant tires to conserve energy. 


5. Configuration and Layout of Power Unit 
5.1 Main Equipment 


(1) Motor (manufactured by Unique 
Mobility, U.S.) T 


The original motor used was an SR180 
(DC brushless) motor with modifica- 
tions made to the shape of the cou- 
plings. The size of the motor was 
279.4 x 258.8 mm and weighs 29.5 kg. 
In Figure 9, we show output perfor- 
mance of the motor. The motor exhib- 
ited almost flat torque characteris- 
tics from O rpm to 6,500 rpm. The a . = , 
continuous rated output with 194V was Motor rpm N 
32 kW at 6500 rpm. The short-time 
rated output was 40 kW with original 
specifications, but 32 kW when the 
torque and current limitations were added. Maximum torque was held to 90 Nm. 


Motor torque 











Figure 9. Motor Output Characteristic 
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(2) Motor Controller (made by Unique Mobility, U.S.) 


The motor controller has a regenerative braking function with an invertor 
control system using both IGBT and MOSFET. The input instructions to the 
controller are in rpm. The motor controller unit is 609.6 x 311.2 x 122.9 mm 
in size, weighs 19.4 kg, and has a forced-air cooling system. It was equipped 
with an upgraded cooling fan. 


(3) Transmission 

The transmission used in the vehicle was an almost unmodified Subaru MSC- 
compatible single-stage speed-reduction ECVT. The rotation of the motor was 
used to drive the hydraulic pump used for the transmission. 


(4) ECVT Controller 


The ECVT electromagnetic clutch is controlled by motor rpm, vehicle speed, and 
shift position signals. 


(5) Vehicle Controller 


z 


Motor rpm instructions relative to acceleration 
stroke are input to the controller. This charac- 
teristic is shown in the graph in Figure 10. The 
motor receives idling speed instructions when the 
car is not moving so that the ECVT hydraulic pump 
can supply the needed pressure to hydraulic lines 
to drive the transmission during quick accelera- 
tion. Vehicle speed signals, acceleration sig- 
nals, shift-position signals, and side brake 
signals are also used in vehicle control to stop 
the motor when the vehicle is not moving forward. 


Motor rpm instruction 








5.2 Layout of Power Unit Acceleration stroke 


Figure 10. Motor RPM 
Figures 11 and 12 show top and side views of the Instruction Characteristic 
power unit. 


The specifications of the ECVT are unchanged from the base vehicle, with the 
ECVT being linked horizontally to the motor. The controller is mounted above 
that. The air-conditioning units have been installed on the toeboard side. 


The main battery lays flat behind the two front seats, and situated nearby 
inside the vehicle is the DC/DC converter, vehicle controller, breakers, 


fuses, and conductors. 


Installed below the floor is a pump and tank used for the vacuum—pumped power 
brakes, and an invertor for the air-conditioning unit. 
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Figure 11. VIVIO EV/Unit On-Board Diagram (side view) 
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Figure 12. VIVIO EV/Unit On-Board Diagram (top view) 





6. Specifications, Performance 
In Table 1, we show the main specifications of the VIVIO electric vehicle. 


The dimensions of the body are the same as the base vehicle. The vehicle 
weighs 965 kg, or more than 250 kg heavier than the base vehicle. Most of the 
additional weight is due to the battery. The fore and aft weight distribution 
is 50/50 in a two-passenger vehicle. 


In terms of driving performance, the addition of the ECVT enables smoother 
acceleration of the vehicle without accompanying jerky movements when 
switching gears, and similarly in the area of maneuverability, the car handles 
as well as conventional vehicles. 


Measurements were taken right after the vehicle was built to rate its power 
performance. At that time, the vehicle recorded a top speed of 110 km/h, a 
driving distance of 141 km on a single battery charge at a constant speed of 
40 km/h, and driving distance of 75 km in the 10-mode test. One of the unique 
characteristics of this vehicle is that the top speed of the vehicle is the 
same as the cruising speed. This is due to the almost flat drooping character- 
istic in the nickel-zinc battery used. 
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Table 1. Main Specifications of Subaru Electric Vehicle (VIVIO) 








Base vehicle Subaru VIVIO 
















Vehicle specifications 


LxWxH (mm) 3295 x 1395 x 1375 














Vehicle weight empty (kg) 965 
Seating (number) 2 
Maximum load capacity (kg) -~ 
Gross vehicle weight (kg) 1,075 
Power performance 
Maximum speed (km/h) 110 (actual measurement) 
Hill-—climbing capability (tané) 0.4 
Driving distance per battery 141 (40 km/h) (" * ) 
(km) 75 (10-mode (" " ) 
Motor Type DC brushless 
Rated output -voltage-time 32-194-6,500 rpm continuous 
(kW-V-h) 
Control system Invertor 


(with regenerative braking) 





Drive system Front-wheel drive 





Transmission ECVT (continuous variable speed) 








Main battery 










Type, number of cells Sealed Ni-Zn 
Capacity (V/ah) 10.2/90 (5 hR) 
Total voltage (V) 194 
Main accessories Heat pump-type air conditioner 
PTC heater 
Vacuum pump-type braking leverage 
unit 


Air bag (driver side) 
Discharge-type head lights (HID) 














Individual cell capacity and voltage of the sealed nickel-zinc cells in the 
main battery are 90 A and 2 V, respectively, thus an array of 19 battery cells 
provides a total voltage of 194V. 


The vehicle is equipped with a portable-type charger which uses a two-stage 


constant current charging method. The standard time it takes to charge the 
batteries to 100% DOD with 200 V single-phase current is 10 hours. 
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7. Current and Future Problems To Be Resolved 


As was mentioned in the introduction, the VIVIO electric vehicle is still in 
the developmental stage and optimum characteristic matching have yet to be 
achieved between the units that make up the vehicle. This leaves several 
immediate problems that need to be resolved right away pertaining to the power 
characteristic. 


7.1 Current Problem 


Below, we discuss current problems associated with the power characteristic of 
the vehicle. 


(1) Acceleration Performance 


In Table 2, we show a comparison between actual and calculated values for 
acceleration. The calculated values do not take into account drops in battery 
voltage, so are unable to provide good data with regard to an actual vehicle 
at higher performance levels. When we had a 20 kW output with a similar torque 
characteristic, the calculated values indicated an acceleration characteristic 
that was almost identical to that of an actual vehicle. We believe this was 
due mainly to insufficient motor torque caused by poor matching between the 
motor and ECVT control, etc. 


Table 2. VIVIO EV Acceleration Performance 














0~50 km/h 0~80 km/h ] 
Measured 10.9 sec 27.9 sec 
Calculated 32 kW 7.1 17.2 
20 kW 11.2 30.8 














(2) Single Battery Charge Mileage 


In Table 3, we show a comparison between actual and calculated values for 
driving distance achieved per battery charge. The actual measurements were 
done without taking regenerative braking into account. 


Table 3. VIVIO EV Driving Distance Per Battery Charge 











40 km/h 10 mode Comments 


(constant) 








Measured 141 km 75 km W/o regenerative braking 





Calculated 143 km 102 km With regenerative braking 
W/o regenerative braking 
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With a constant driving speed of 40 





km/h, the calculated values for ; 
driving distance per battery charge 
were, as expected, somewhat higher | 
than actual measurements. The cal- 
culated values were also higher in | 


























the 10-mode driving test. We be- 
lieve this was due to two factors 
mainly, errors that caused calcu- 
lated values to be somewhat higher, 
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and failing to account for motor 
idling when the actual vehicle was 
stopped. 











Figure 14 shows the frequency of 





24 


a 





+ 


pay yey 




















motor output in various driving 
modes. In 10-mode driving, the 
frequency of motor output 0 when 
the vehicle is stopped is 28%. In 
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Motor output [k®) 
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the VIVIO electric vehicle, the 
rotation of the motor is used as a 
source of power for the hydraulic 
pump used to drive the transmis-— 




















sion, but we believe this is prob- 





























lemsome in operating modes with 
many stops. 


It is still too early to say wheth- 
er the values are good enough even 
though performance went as expect- 
ed. 


The ECVT used in this vehicle is basically 
designed to work with engines, and performed 
poorly with a motor, so more research is 
needed on how to achieve better transmission 
control. 


In Figure 15, we show a curvilinear drawing of 
the transmission gear ratio of the ECVT, and 
in Figure 16, we show areas where the engine 
characteristic is used during constant speeds 
when the ECVT is used with a gasoline engine.’ 
At low speeds, engine rotation is fixed and 
vehicle speed is controlled by the ECVT. At 
mid— and high-speed, the transmission is in 
overdrive and the engine is used effectively. 


Figure 14. 


(6) 
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a 
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Motor output [kW] 
(c) L A— 4 mode driving 


Motor Output Frequency in 
Various Driving Modes 


Input axle rpm 














Output axle rpe Neu: 


Figure 15. Curvilinear Drawing 


of ECVT Transmission 
Gear Ratio 


In Figure 17, we show the efficiency characteristic of the on-board motor. 
Conventional gasoline engines are effective with high loads at low-to-medium 
engine speed, but the motor was effective with high loads at high motor speed. 
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Figure 16. Engine Utilization 
Frequency While Driving at 
Constant Speed 


Figure 17. Motor and Controller Efficiency 


We can see from this that the motor in the VIVIO electric vehicle is not being 
used effectively because the ECVT gear characteristic is still matched to 
gasoline engine specifications. 


7.2 Future Research Items 


Below, we list three areas we believe further research on the VIVIO electric 
vehicle needs to be done. 


(1) Analysis of phenomena occurring during acceleration, and research on 
ways to utilize high torque of motor including short-time rated areas. 


(2) Research on how to use ECVT more effectively, and more effective 
control of motor-compatible belt transmission and motor rpm (studying 
use of full electron-controlled ECVT announced at 1993 Tokyo Motor 


Show). 


(3) Restudy ways to supply power to hydraulic motor used to drive ECVT 
transmission. 


By continuing with the research described above, we believe we will finally 
reach satisfactory acceleration performance, and increase the driving distance 
per battery charge by 10%~20%. Another important problem that must be resolved 
in the future is ascertaining the efficiency characteristic on the motor side 


where the ECVT control lies. 


8. Conclusion 


We at Subaru developed an experimental vehicle which was equipped with both a 
motor having a flat torque characteristic and an ECVT. 
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We evaluated the strengths and weaknesses of the ECVT. In the area of perfor- 
mance, we found that the addition of the ECVT enabled smoother acceleration 
without accompanying jerky movements when switching gears, and in the area of 
maneuverability, made the car easier to handle, but there were problems having 
to do with acceleration and driving distance per battery charge that still 
need to be solved. The evaluation of this vehicle has been limited to power 
performance, but broader decisions still have to be made in various areas 
concerning size, weight, cost, and the equipment carried in the vehicle. 


In future research, we would like to keep investigating the possibility of 
using an ECVT in the power train of electric vehicles. 


Please remember that the details described herein were taken from research 
still in progress. 
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Technical Subjects on Charging Systems for Electric Vehicles 


94FEO468E Tokyo SOCIETY OF AUTOMOTIVE ENGINEERS OF JAPAN, INC. in Japanese 
Feb 94 pp 37-42 


[Article by K. Shimizu, Mechanical Engineering Laboratory, AIST, MITI] 
[Text] 1. Introduction 


The idea of using electric vehicles (EV) to solve the global environmental 
crisis has been around for quite a while. During that time, we have seen 
several concept EVs introduced starting with the Impact by General Motors that 
differ significantly from earlier electric vehicles in terms of their 
performance. Another trend we are seeing in places such as California (U.S.) 
is new emission laws being enacted. These are triggering work to develop 
commercial EVs and an infrastructure to support use of these vehicles which 
includes charging stations. 


In commercializing EVs, it is essential that the efficiency of the vehicle 
itself be improved, but one other area that is just as important, and which 
governs overall efficiency and usability of the vehicle, is the battery 
charging system which also includes the battery. In fact, it would not be 
overstating things to say that we are quite far from achieving 100% battery 
efficiency. 


In this paper, we discuss the technical trends and problems faced in battery 
technology needed to take us closer to 100% efficiency in commercial 
batteries. 


2. Life Cycle Cost of Electric Vehicles 


When studying how much or how little energy is consumed in the context of the 
global environmental crisis, we cannot think only of the energy it takes to 
manufacture and ship goods, but must also think about the life cycle energy of 
a product up until it is returned to its original natural state. The fact is 
that there have been insufficient number of studies done on the life cycle 
energy of internal combustion engine vehicles and electric vehicles. 


In Figure 1, we show a life cycle cost comparison between an internal 


combustion engine vehicle and an electric vehicle.! When the comparison is made 
in terms of manufacturing and shipping only, it provides a different picture 
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than the earlier statement because the  ¥1,006/6 years 
scale is cost, not energy. Electric ‘*™ 
vehicles are very expensive, but this is 
not because large amounts of energy are 
required to produce the vehicle, so sim- 
ple comparisons cannot be made. Similar- 
ly, we must consider that the relative 
cost of fuel for electric vehicles is 
less than half that of internal combus- 
tion engine vehicles, and also that there 
is a different in the tax rate between 
the two. The cost which we must pay par- 
ticular heed to is the added cost in 
replacing the battery every two years. 
From this, we can deduce that it is abso- 
lutely essential that battery life be 
extended as much as possible. 
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3. Technical Trends in Battery Capacity 
Meters 


Tax and 
insurance inte- 











Gasoline vehicle Electric vehicle 
There is an enormous difference between 


the weight and space which a battery Figure 1. Technical Trends in Life 
takes up in an electric vehicle and that Cycle Cost of Electric Vehicles and 
which a gasoline tank takes up in an _ Internal Combustion Engine Vehicles 
internal combustion engine vehicle. This 

is due to the different amount of storable energy per unit of weight or unit 
of space of the battery, the so-called energy density, compared to gasoline. 
In Table 1, we show the energy densities of batteries under study and 
commercial batteries used in electric vehicles.* With gasoline having a 
calorific value of 8,320 kcal/l, or 13,800 Wh/kg when converted to energy 
density, it is hard to make a comparison between that and the energy density 
of a battery, no matter what kind of battery is used for the comparison. From 
this, we can see that one of the problems that researchers are confronted with 
is somehow finding a way to increase the driving distance per battery charge. 


Table 1. Energy Density of Various Batteries 

















Type Operating Voltage Energy density (Wh/kg) | 
temperature 
(°C) (V) Theoretical Achieved 
—————————_—__ <== 
Pb-Acid Normal 2.10 175 o 40~45 
Ni-Cd Normal 1.29 209 o 30~53 
Ag-Zn Normal 1.86 273 100 
Zn-Br Normal 1.80 428 4 65-75 
Na-S 300~350 2.08 785 4 100~150 
Li-S 420~460 2.25 2624 0 
Li-Cl 450 3.16 2200 0 
Al-Air Normal 1.85 1900 O 100~360 
———XSXx——————————_—_=_=_=_=—_=_—= ees 























o: In use; A: Developed; 0: Under study 
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When it comes to having a fully-charged EV travel as far, or farther, than a 
gasoline-powered vehicle with a full tank of gasoline, the importance of a 
battery capacity meter cannot be underestimated in terms of ascertaining the 
remaining capacity of the battery used in the electric vehicle. 


The fact of the matter is that battery capacity meters have been around for 
more than 20 years since the start of EV research, but they never have really 
caught on. A battery capacity meter is a simple device which does nothing more 
than monitor the terminal voltages of the battery, thus, there have only been 
a very types including the more recent microprocessor-based devices. Below, we 
list various categories under which battery capacity meters theoretically 


fall. 


(1) Those which display terminal voltages of battery: The theory here is 
that battery voltage naturally drops when operating the vehicle. Many 
believe that these could be used to judge the battery characteristics if 
people could get used to it. 


(2) Those which subtract the time factors for discharging current from 
charging current: Since obtainable electrical energy from the battery 
differs according to rate of current, a compensation is needed based on 


size of current. 


(3) Those which display status of battery by the release voltage of 
battery: These ascertain the remaining capacity of the battery by merely 
checking the terminal voltages of the battery when the vehicle is not 
running. In order to ensure accuracy, it is normal procedure to hold the 
"Sth second voltage" five seconds after reaching a no-load condition. 
The reproducibility of this is relatively good. 


(4) Those which estimate the discharge current and voltage drop 
characteristics of the battery from a table: Using a table containing 
discharge current and voltage drop characteristics of batteries at 
various levels of charge, these infer the remaining capacity of the 
battery from the terminal Table of current and voltage 
voltages of the battery drop characteristics of battery 

and actual current. We 

show an example of this Battery voltage 
type in Figure 2. | 





Remaining 


bcapacity Remaining 
battery 
—<— capacity 


Battery current 








Battery current 


(5) Those which make es— ®attery 
timates based on battery 
models: A model is pre- 
pared in which voltage Parameters: Battery temperature, life, history 
and internal resistance 
of the battery are ex- 
pressed as constants for 
battery capacity, temper- 
ature, and life as per the following equation: 

















Battery voltage 








AD transformer 














Figure 2. Inferring Remaining Battery Capac- 
ity Based on V-1 Characteristic of Battery 
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V (c, 6) = g (i(t), 6) 


V (ct, 6): Estimated terminal voltage 

i (c): Actual discharging current 

6: Remaining capacity of battery 
g (i, 6): Battery model 


Voltage and current are measured while the vehicle is being used, and capacity 
is determined so that voltage of the model relative to actual current is equal 
to actual measurements. 









Ibattery Battery 





Battery 
dynamic 
mode | 





Ambient 
temperatu 





Figure 3. Model-Matching Remaining Battery 
Capacity Meter 


A variety of battery capacity meters were introduced at the 1lth EV Conference 
held in Italy in autumn of 1992. One thing which these had in common was the 
lack of data confirming the reliability of the meters. Figure 3, which shows 
a Pisa meter (Italy),° is related to the fifth type of battery capacity meter. 
Here, a battery dynamic model is prepared for voltage, current, and tempera- 
ture constants, and the state of the battery with regard to actual voltage, 
current, and temperature is ascertained from the model. The other meters 
presented at the conference were microcomputer-based devices. Though the 
working of the meters was explained, reliability could not be confirmed under 
actual operating conditions. 


It is important to know how many more kilometers a vehicle can travel by 
knowing the remaining battery capacity. With that in mind, the Japan Electric 
Vehicle Association announced that is doing research on a method of displaying 
the distance a vehicle can travel based on a calculation of the driving 
distance with the initial 10% battery capacity. 


4. Technical Trends in Chargers and Charging Methods 


The battery chargers used in EVs in the past were dedicated chargers which 
battery manufacturers designed specifically for the integrated batteries used 
in those vehicles. Accordingly, the large specialized charger that each 
vehicle required presented problems in terms of not only cost but the space 
efficiency of the vehicle. Now, as EVs are becoming more popular, we are 
seeing the development of all-purpose, easy-to-use chargers. 
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An interesting item at the 1lth c-—-—- a+ -H 
EV Conference was the nonconnect- m-th rin 








ing charger, or the so-called Vehicle inductor mt + 
electromagnetic inductive coup- \ Lives 

ler. There were a total of three L hd 
such couplers, two of which were ' ! = . 
mentioned in talks that had to do = = 
with battery charging without & = 





Source inductor 
plugs or connectors, and another 


which was put on exhibit. Figure 
4 shows a large inductive coupler 
located in the lower front part Figure 4. Block Diagram of Inductive 

of the vehicle that uses commer- Coupler 

cial electric power directly. In 

contrast, in Figure 5 [not repro- 

duced], we show an inductive coupler made smaller and lighter by increasing 
the frequency of the coupler (40~200 KHz). It has becoming clear that 
inductive couplers are essential to ensuring the safe operation of EVs. The 
charging method used for electromagnetic inductive couplers is the standard 
charging method proposed by the United States. 


Magnetic circuit 





Main input 
ad 





,— 





The standardization of charging connectors and charging methods has been 
actively debated in the United States, Europe, and Japan, and that debate is 
still going on in Japan despite the fact that it has completed a tentative 
standardization. 


The decision by Japan to devise tentative standards was done in response to 
the Eco-Station 2000 Project sponsored by the Ministry of International Trade 
and Industry. The five standards have to do with chargers, lead batteries (for 
load-leveling; batteries installed for quick charge electric energy in the 
daytime by charging and storing cheaper electricity at night), charging 
stations, communication protocols, and connectors, that will be needed for a 
quick-charging system for electric vehicles in the Eco-System Project. 


Below, we give an overview of connectors. Regulations call for power terminals 
with current capacity of 150A to be water-proofed individually, and 8-terminal 
connectors be waterproofed in groups of four. The layout of control signal 
pins is also regulated, as well as the communication protocol specifications 
regarding communication procedures between charger and vehicle. The charging 
method is basically a system in which the vehicle controls the charging and 
chargers, and additionally, there is also a slave arrangement possible. This 
gives the charger more flexibility in terms of compatibility with different 
types of batteries and enables more precise control of charging by the 
vehicle. As far as size, only the dimensions of licensed parts are regulated, 
and in other parts, only the functions that are regulated. 


It is essential in terms of offering general usability and providing an 
infrastructure that the connectors used for charging be standardized, thus, 
various proposals have been put forward. A careful study must be done on the 
components that make up the infrastructure so that through a natural weeding 
process, we come up with the ideal components. 
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Figure 6 [not reproduced] shows a charging connector made by the French 
company Marechal. The connector is shaped like a gasoline nozzle with a handle 
suspended from a recessed area on the vehicle. An electrode has been installed 
at the upper tip of the handle. One advantage of the connector is that it 
requires little force to operate, but one drawback is the small carrying 
capacity resulting from the electrode not being the typical plug-type but 
rather is a spring-operated connecting type. The work on that connector is 
still incomplete in that it has not been waterproofed. 


In Figure 7, we show a conceptual drawing of a battery charging system 
developed by a French electric power company (EDF) that was presented at the 
llth EV Conference.* This concept is similar to the Eco-Station battery charger 
system in that charging is controlled from the vehicle. In systems where DC 
power is supplied from permanently installed chargers, control of power is 
done from the vehicle, but we believe there will be a return to a system where 
the charger operates in a slave state to give the charger more flexibility and 
controllability during charging. 
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Figure 7. Battery Charging System Proposed by EDF (France) 


In order to ensure compactness, lightness, and controllability as EDF has done 
in its battery charger, most companies are turning to a DC-DC type system 
which converts “commercial electric power ~ (rectification) ~ direct current 
+ (high-frequency switching) ~ high-frequency ~ (rectification) ~ direct 
current," without transforming voltage with a commercial frequency. This 
system also has many problems which need solving including power factor 
improvements and EMI. It also essential to have an intelligent, all-purpose 
charger. 


Introduced at the same time was a resonance-type battery charger which 
ascertains a battery's state and controls charging via a bus. We believe this 
is one indicator of a general-purpose battery charger. 


For quick-charging, permanent-type chargers are better in terms of charger 
capacity and usability, but for regular charging, the on-board type, which can 
be installed in vehicles, are better. In the case of AC motors where invertors 
are used in particular, the on-board-type battery charger is favored because 
it gives the controller in vehicles a charging capability. In Europe, in fact, 
the on—-board-type battery charger is the main type used, so Japan itself must 
decide how to deal with this fact. 
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There is also another way in which a battery charger system may be configured 
and that is where the individual batteries have their own dedicated chargers. 
As we discuss later, in on-board integrated batteries often, unbalanced states 
are often created in the individual cells that make up the battery. This not 
only reduces the characteristic of the battery as a whole, but has been found 
to give rise to partial overcharging and undercharging. Besides the further 
acceleration of an unbalanced state by overcharging or undercharging, 
overcharging also invites a deterioration in the effectiveness of the battery 
itself. In order to resolve this problem, a distributive charging method has 
been proposed in which the individual battery cells are charged separately. 


5. Problems in Controlling the Battery 


The quality of charging methods, on the other hand, not only concerns charging 
efficiency, but also battery deterioration caused by overcharging. This means 
that it is essential to know the remaining capacity of the battery when 
operating an electric vehicle. 
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battery, we placed batteries with 30 Constant- 40% 


the same characteristic in a 30°C temperature tank 
and 40°C constant-temperature pigure 8. Battery Charging-Discharging Test 
water baths heated, respectively, With Temperature Differential 


and repeatedly charged and dis- 

charged the batteries. Figure 8 

is a block diagram showing that test. For the test, we used a sealed lead 
storage battery and a small-capacity battery found in everyday equipment. 


In Figure 9, we show the changes in capacity that took place in both batteries 
during the test. Results of the test indicated initially that the battery 
heated to 40°C had the higher capacity, but after about 30 charge-—discharge 
cycles, the capacities were almost the same, and after that, the capacity of 
the 40°C battery dropped sharply, and at 125 cycles, the capacity of the 30°C 
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battery dropped to 60% and continued until a 
about 35%. The optimum temperature for a 
battery as indicated by this test was 
35°C, + 5°C, which means that hot tempera- 
tures are not particularly extreme temper- 
atures for the battery. We can see from 
this that temperature differences exist 
between individual calls even when the 
entire integrated battery is within the 0 50 100 

allowable operating temperature range, and Number of charging-discharging cycles 
that when that is constant, a substantial 
capacity difference is produced between 
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Figure 9. Overview of Changes in 





Capacity 
the individual cells within the integrated 
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discharged while the battery 
is being discharging. Accord- 
ingly, we can see that repeat- 
edly overcharging and overdis-— 
charging cells with little capacity causes an accelerated deterioration in the 
characteristic of the cell, and gradually reduces the capacity of the cells. 
(Accordingly, with regard to changes in capacity caused by temperature 
differences between the cells, there are things which can be done which reduce 
capacity in high-temperature cells in the initial stages, but after it has 
reached the point where low temperatures cause capacity to fall, the capacity 


of cells in which capacity has dropped fall even further, though it may be 
temporarily reset to the same temperature). 
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Figure 10. Effect of Charging-Discharging on 
Capacity Differential 


Retzlaff reported that equalizing cell capacity was important because the 
imbalance in capacity within the integrated battery will progressively worsen. 
Equalized charging is done to offset this imbalance, but often times, it is 
not worthwhile in terms of the time and power that it takes, so we have 
proposed the method illustrated in Figure 11 in which we monitor call voltage 
and charge each individual cell to full capacity. In other words, we monitor 
the terminal voltages of each cell when charging the battery connected in 
series with the main battery charger, and when one of the cells has reached 
full capacity, we stop the charging with the main battery charger. 
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After that, the remaining in- 
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sequence until all the cells = —~O 2 
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may lead to excessive over- tof adapt line with 
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Figure 12 shows the relation— Tac 


ship between the distance an Figure 11. Method of Monitoring Cell Voltage 


electric delivery truck can and Charging to Capacity 
travel in one day and the en- 


ergy consumed in that time. It 

shows a large variation because energy 
consumption differs greatly depending on 
road conditions, cargo, driving methods, 
and temperature. For example, the data on 
the special driver in Figure 12 indicates 
better energy consumption than data else- 
where. Generally speaking, however, the 
trend has been the shorter the driving 
distance, the poorer the energy consump- 
tion. 
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Driving Distance and Energy 
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Figure 13 shows the relation- 
ship between energy consumption 
and driving distance travelled 
in a test mode. In this case, 
there was very little variation 
in the data because it was a 
test. It is quite clear from 
this that there is an extreme 
deterioration in energy con- 
sumption the shorter the dis- 
tance travelled. 


The main reason for this, 
according to a paper presented 
by P. Mauracher, is the poor 
efficiency of the charger in 
the last stage of low-power 
charging. During low-power 
charging, the energy consumed 
by the cooling fan in the 
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Figure 14. Difference in Energy Consumption 


Based on Distance Traveled (Modes 
longer on left and shorter on right) 


charger and the charger itself gets to where it can no longer be ignored 
relative to charging energy, and the longer last stage in charging causes a 
significant drop in efficiency during charging as illustrated in Figure 14. 
The report went on to say that overall efficiency could be improved by 
switching to a smaller charger at the stage where charging energy is reduced. 


6. Conclusion 


Most everyone realizes that the 
battery presents the greatest 
problem when it comes to elec- 
tric vehicles. It goes without 
saying that the best way to 
solve this problem is to develop 
a commercial high-performance 
battery. When consider, however, 
that commercializing the elec- 
tric vehicle is being looked 
upon as a way to solve the glob- 
al environmental crisis, we 
believe the best policy at pres- 
ent would be to perfect technol- 
ogies for effectively using lead 
storage batteries, whose perfor- 
mance we know something about. 
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Figure 14. Time Variations in Charging 


Quantity and Efficiency (Efficiency drops 
significantly as charging energy decreases) 


In order to do that, the first thing that we must do is ensure the reliability 
of battery capacity meters in order to understand the remaining capacity of a 
battery, and the next thing we must do is standardize charging procedures and 
charging connectors to make charging as simple as possible. 
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In addition to that, we believe it is important in terms of the personality of 
electric vehicles that we extend the life of the integrated battery, up to and 
including the life of the individual cells, and that we reduce the life cycle 
cost of the battery. It is similarly critical with respect to charging- 
discharging efficiency, which influences the overall life cycle cost, that we 
clarify the operating methods that will improve this. 
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